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Abstract
We employ thermodynamic and electron spin resonance (ESR) techniques to elucidate the effects of quenched disorder on 
a ground state of s = 5∕2 frustrated cubic antiferromagnet La3Sb3Mn2O14 . We observe the development of multiple ESR 
lines for temperatures below 80 K. Concomitantly, the ESR linewidth exhibits a power-law increase, accompanied by an 
intriguing shift in resonance fields. These observations point to the occurrence of inhomogeneous magnetism. Additionally, 
ac magnetic susceptibility and magnetization data obey a scaling relation of � �(H,T) and M(H, T) in �BH∕kBT  with the 
scaling exponent � = 0.53 . This scaling behavior alludes to the formation of a random-singlet-like state and the presence of 
abundant low-lying excitations. Our results highlight the concerted interplay of strong disorder and frustration to stabilize 
a putative random-singlet state even in classical and high-dimensional spin systems.
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1  Introduction

Geometrically frustrated spin systems have emerged as fer-
tile grounds for exploring novel phases of matter and unrave-
ling the intricate interplay of quantum many-body states, 
frustration, and disorder [1–7]. Frustration originates from 
geometric constraints imposed by the lattice structure, where 
triangular, tetrahedral, or Kagome motifs can prohibit con-
ventional magnetic order. Rather, frustrated magnetic sys-
tems often give rise to unconventional ground states such as 
spin liquids and spin ice [8].

One particularly intriguing aspect of frustrated spin sys-
tems is the appearance of random singlets instead of conven-
tional spin glass or sought-after quantum spin liquids when 
quenched disorder or randomness is introduced [9–19]. The 

random-singlet state comprises a minor fraction of intrin-
sic orphan spins and a major fraction of singlet clusters, 
leading to a power-law distribution of exchange energies 
and density of states N(E) ∼ E−� [20–23]. The signature of 
random singlets manifests in the power-law dependencies 
of various thermodynamic quantities, such as specific heat, 
magnetic susceptibility, and thermal conductivity and their 
unconventional scaling behavior.

Notably, quantum spin liquids and random singlets com-
monly share the absence of conventional magnetic order 
and fractionalized excitations. However, they show dispari-
ties in their mechanisms, symmetries, and the presence of 
topological order. Quantum spin liquids induced by quantum 
fluctuations entail emergent gauge symmetries and topolog-
ical order while retaining global symmetries. In contrast, 
the disorder-induced random singlets break a translational 
symmetry and typically lack topological order. In this light, 
a study of random singlets advances our understanding of 
quantum phases in spin systems, offering unique insights 
into the behavior of matter in the presence of disorder and 
frustration.

Beyond the phenomenological description, it is highly 
controversial whether random singlets are stabilized in 
high-dimensional frustrated magnets [12–18, 21, 22]. On 
the experimental front, several random-singlet candidate 
materials have been reported. The representative instances 
include, triangular antiferromagnet YbMgGaO4 with antisite 
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mixing between nonmagnetic Mg2+ and Ga3+ ions  [21], 
square compound Sr2CuTe1−xWxO6 with W-for-Te substitu-
tion [24–28], Kitaev honeycomb lattices Cu2IrO3 , H 3LiIr2
O6 , and �-Ru1−xIrxCl3  [29–32]. Very recently, the purview 
of random-singlet physics has been extended to three-dimen-
sional (3D) frustrated cubic lattice Lu3Sb3Mn2O14 with a 
s = 5∕2 spin number [33]. As sketched in Fig. 1a–c, a family 
of RE3Sb3Mn2O14 (RE=rare earth) constitutes a 3D Shas-
try–Sutherland-like model that is a cubic lattice with face 
diagonal interactions. Thus, further experimental investiga-
tions of RE3Sb3Mn2O14 enable deepening our understanding 
of the conditions under which random singlets can be stable 
in high-dimensional frustrated magnets.

In this paper, we investigate random-singlet characteris-
tics in La3Sb3Mn2O14 , which is isostructural to s = 5∕2 3D 
frustrated cubic antiferromagnet Lu3Sb3Mn2O14 . We identify 
the temperature and field scalings of ac magnetic suscep-
tibility and magnetization with complementary exponent, 
indicative of a random-singlet scenario. Our results suggest 
that a random-singlet state might be viable even for 3D clas-
sical frustrated antiferromagnets.

2 � Experimental details

Polycrystalline samples of La3Sb3Mn2O14 were prepared by 
the conventional solid-state reaction method. Stoichiometric 
amounts of La2O3 , Sb2O5 , and MnCO3 were ground and 
then calcinated at 850◦ C for 12 h. Subsequently, the mixture 
was sintered at 1200◦ C for 48 h. To assess the phase purity 
of the obtained samples, a powder X-ray diffraction (XRD) 
analysis was conducted at room temperature using Cu-K� 
radiation. We made a refined analysis of the XRD pattern 

using the Fullprof program, as shown in Fig. 1d. The lattice 
parameters determined from the Rietveld refinements are 
a = b = 7.55522 Å  and c = 17.80629 Å. We summarize the 
atomic coordinates with Wyckoff positions in Table 1 with 
the goodness of fit Rp = 3.24% and Rwp = 4.12%.

dc and ac magnetic susceptibilities and isothermal mag-
netization were measured using a VSM-SQUID (super-
conducting quantum interference device) magnetometer 
(MPMS3, Quantum Design) at the Center for Condensed 
Matter Science, NTU. The temperature-dependent dc mag-
netic susceptibility was measured in a range of 2 − 300 K 
by applying an external magnetic field of 1 T. Isothermal 
magnetization curves were recorded at selected temperatures 
T = 2, 3, 4, 5, 8, 12 , and 20 K with magnetic fields ranging 
from 0 to 14 T. For ac magnetic susceptibility measure-
ments, we used an oscillating field of 5 Oe at frequencies 
� = 2 − 100 Hz under a zero-dc field condition. We measured 
field- and temperature-dependent ac susceptibility by select-
ing various applied magnetic fields �0H = 0.1, 1, 2, 3, 5, 
and 7 T at a fixed frequency of � = 100 Hz. High-field ESR 
experiments were performed with a heterodyne spectrometer 

Fig. 1   a Crystal structure of La3Sb3Mn2O14 . The red and blue balls 
represent Mn(1) and Mn(2), and the orange balls stand for O atoms. 
The La and Sb atoms are depicted by the green and brown balls. b 
Projection of the crystal structure onto the ab plane. The Mn2+ ions 
possess two different magnetic environments: Mn(1)O8 hexagonal 
bipyramids and Mn(2)O6 octahedra. c Frustrated magnetic model of 

La3Sb3Mn2O14 consisting of an edge coupling J1 (black line) and two 
different face diagonal interactions J

d1 (blue line) and J
d2 (red line). d 

Rietveld refinement of the XRD diffraction pattern of La3Sb3Mn2O14 . 
The black cross, the red solid line, the blue line, and the green verti-
cal dashed lines are the XRD, calculated, difference curve, and Bragg 
peaks, respectively

Table 1   Atomic positions of La3Sb3Mn2O14 obtained from the Riet-
veld refinement in the R3̄m space group

Atom Wyckoff site x y z

Mn1 3a 0 0 0
Mn2 3b 0 0 1/2
Sb 9d 1/2 0 1/2
La 9e 1/2 0 0
O1 6c 0 0 0.3836(9))
O2 18h 0.5312(9) −0.5312(9) 0.1478(9)
O3 18h 0.1405(9) −0.1405(9) −0.0574(1)



153Random‑singlet‑like state emergent in s = 5/2 frustrated cubic lattice﻿	

Vol.:(0123456789)1 3

at a fixed frequency � = 240 GHz at National High Mag-
netic Field Laboratory in Tallahassee, Florida, USA. The 
temperature is varied from T = 2 K to 200 K using a liquid 
helium cryostat.

3 � Results and discussion

3.1 � Spin topology and magnetic properties

Figure 1a shows the crystal structure of La3Sb3Mn2O14 , in 
which Mn2+ triangular layers are sandwiched between alter-
nating La and Sb Kagome layers. The crystal structure fea-
tures two distinct crystallographic sites for Mn(1) and Mn(2) 
ions; Mn(1) atoms are coordinated by Mn(1)O8 hexagonal 
bipyramids, while Mn(2) atoms are surrounded by Mn(2)
O6 octahedra. Notably, Mn–O–Mn superexchange paths are 
lacking since the Mn2+ ions between metal-oxygen polyhe-
dra are not linked through O 2− ions (see Fig. 1b). Conse-
quently, the spin topology is determined by Mn–O–O–Mn 
super–super exchange paths, resulting in a frustrated cubic 
lattice including three main interactions: (i) the nearest-
neighbor Mn(1)-Mn(2) interaction J1 (black line in Fig. 1c), 
(ii) the next-nearest neighbor Mn(1)- Mn(1) interaction Jd1 
(blue line), and (iii) Mn(2)-Mn(2) interaction Jd2 (red line).

Figure 2a presents the temperature-dependent magnetic 
susceptibility �(T) measured under an external magnetic 
field of �0H = 1 T. As the temperature is cooled down to 
2 K, �(T) steeply increases with no appreciable difference 
between the zero-field-cooled (ZFC) and field-cooled 
(FC) data. This observation rules out the occurrence of 
long-range magnetic ordering or spin freezing. Moreover, 
the absence of spin-glass transition is corroborated by 
the in-phase component of the ac susceptibility � �(T) , 
which reveals no discernible frequency dependence (see 
Fig. 2b). In Fig. 2c, we plot the temperature dependence 
of 1∕�(T) . We could identify a two-stage Curie–Weiss 
behavior. In the high-temperature regime above 140 K, 
the Curie–Weiss fit yields the Curie–Weiss temperature 
ΘH

CW
= 61.9(7)  K and the effective magnetic moment 

�
H
eff

= 3.77 �B . Conversely, in the low-temperature range 
of T = 20 − 130  K, the Curie–Weiss temperature is 
reduced to ΘL

CW
= −19.2(2) K with a change in sign. Fur-

thermore, the effective magnetic moment �L

eff
= 5.71 �B 

becomes comparable to the theoretical spin-only value of 
�
theo
eff

= 5.82 �B with the g-factor of g = 1.99 , as evaluated 
through electron spin resonance in Fig. 3a. This intrigu-
ing two-stage Curie–Weiss behavior is often linked to the 
complexity of magnetic interactions. Since the studied 
compound lacks structural instabilities, diverse exchange 
interactions, differing in sign and strength, come into 

Fig. 2   a Temperature depend-
ence of the dc magnetic 
susceptibility of La3Sb3Mn2O14 
in an external magnetic field of 
1 T. b Temperature dependence 
of ac magnetic susceptibility 
measured at selected frequen-
cies � = 2 , 100, and 1000 Hz. c 
Inverse susceptibility data ver-
sus temperature. The solid lines 
denote Curie–Weiss fits at two 
different temperature regimes. d 
Isothermal magnetization curve 
measured at T = 2 K



154	 C. Lee et al.

Vol.:(0123456789)1 3

play, exerting their influence on the magnetic properties 
at different temperature ranges. In our case, J1 is antifer-
romagnetic while Jd1 and Jd2 tend to exhibit ferromagnetic 
tendencies [34].

In Fig.  2d, we present the magnetization curve 
M(H) recorded at T = 2 K. With increasing field, M(H) 
shows a linear-like increase, followed by saturation at 
MS = gS�B ≈ 4.51 �B at the saturation field �0HS ≈ 6 T. 
�0HS turns out to be considerably smaller than the energy 
scale of |ΘCW| = 19.22 K, possibly implying that sub-
dominant ferromagnetic interactions are present in addi-
tion to the leading antiferromagnetic interaction between 
Mn2+ spins [34]. Eventually, the magnetization may attain 
the expected saturation value of approximately 4.97 �B . 
Compared to La3Sb3Mn2O14 , the isostructural compound 
Lu3Sb3Mn2O14 exhibits a higher saturation field �0H

Lu
S

 at 
approximately 45 T and a larger Curie–Weiss tempera-
ture ΘLu

CW
 at −43.48 K, and a saturation magnetization 

of 4.93 �B [33]. This contrast indicates that the antifer-
romagnetic interactions become weaker relative to the 
ferromagnetic interactions by replacing Lu with La, high-
lighting the sensitivity of the magnetic interactions to the 
constituent RE element.

3.2 � Electron spin resonance

To gain insight into the evolution of spin correlations, we 
employ a local dynamical probe of spin fluctuations. Fig-
ure 3a plots the temperature dependence of high-frequency 
ESR signals. At elevated temperatures, the ESR signal fea-
tures a single Lorentzian profile. With decreasing tempera-
ture through 80 K, additional ESR signals start to emerge, 
resulting in four distinct signals at T = 3 K. For a quantita-
tive analysis, we fit the ESR spectra to a sum of four powder-
averaged Lorentzian profiles. The extracted resonance field 
Hres(T) and the peak-to-peak linewidth ΔHpp(T) are exhib-
ited in Figs. 3b, c, respectively.

Upon cooling from 80  K, Hres(T) for the P1 and P2 
absorption lines shift toward lower fields, while those for 
the P3 and P4 lines shift in the opposite direction, toward 
higher field. Since the resonance field reflects the develop-
ment of internal magnetic fields, the multiple ESR lines with 
oppositive evolution of Hres(T) imply the existence of spa-
tially inhomogeneous magnetic correlations. Specifically, a 
fraction of spins is engaged in ferromagnetic correlations, 
while others develop antiferromagnetic correlations. In 
addition, each absorption line obeys a critical power-law 

Fig. 3   a Temperature depend-
ence of the high-frequency 
ESR spectrum measured at 
� = 240 Hz. The dashed lines 
are a guide to the eye. b Reso-
nance field versus temperature. 
c Temperature dependence of 
peak-to-peak width. The solid 
lines are power-law behaviors
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dependence ΔHpp(T) ∼ T−� with the exponents of � = 0.47 
in the T = 3 − 35 K for P1, � = 0.56 in the T = 3 − 150 K 
for P3, and the changing exponent from � = 1.09 to 0.09 
through 40 K for P2. We note that the critical-like line 
broadening may be associated with the development of criti-
cal magnetic correlations or spatially random local fields. 
We recall that triangular antiferromagnet Ba3CuSb2O9 with 
Cu2+/Sb5+ disorders shows the critical ESR line broadening 
that is taken as a sign of a random-singlet state [35]. In this 
vein, the switching power-law dependence of ΔHpp(T) for P2 
is attributed to variations in both defects and the strength of 
magnetic interactions, which give rise to the development of 
distinct magnetic correlations through 40 K.

3.3 � Quantum scalings of magnetization 
and magnetic susceptibility

To examine a random-singlet scenario hinted by the high-
frequency ESR data, we collected the ac magnetic suscep-
tibility and magnetization in a two-dimensional parameter 
space of temperature and magnetic field.

Figure  4a exhibits the H and T dependencies of 
�
�(H, T) measured at a fixed frequency � = 100  Hz in 

various dc fields of �0H = 0.1 − 7 T. The log–log plot of 
�
�(�0H = 0.1 T,T) reveals a sub-Curie behavior of T−0.53 in 

the wide temperature range of T = 7 − 80 K, which is often 
taken as evidence of random magnetism. With increasing 
field, 𝜒 �(H, T < 25 K) is systematically suppressed as an 

external magnetic field engenders the freezing of weakly 
coupled spins. Eventually, the broad T = 20 K maximum 
becomes discernible for � �(�0H = 7 T,T) . By plotting T�

�
′ 

versus �BH∕kBT  in Fig. 4b, the � �(H, T) data fall onto a 
single curve with the scaling exponent � = 0.53 over nearly 
three orders of magnitude. Figure 4c shows the tempera-
ture dependence of the magnetization curves M(H, T). In 
Fig. 4d, we plot MT0.47 against the dimensionless variable 
�BH∕kBT  , confirming the data collapse over almost three 
orders of magnitude. We note that the scaling exponents 
deduced from � �(H, T) and M(H, T) are complimentary. This 
means that the T − H scalings of � �(H, T) and M(H, T) are 
rooted in the same divergent power-law DOS of N(E) ∼ E−� 
( � ≈ 0.53 ). We note that the divergent power-law DOS gives 
rise to the power-law behaviors of � ∼ T−� , M ∼ H1−� , and 
Cm ∼ T1−� (see Table II in Ref.  [22]). Furthermore, we 
stress that the sister compound Lu3Sb3Mn2O14 shows the 
similar scaling relation with �Lu ≈ 0.78 [33]. The scaling 
exponent is not universal, depending roughly on the degree 
of quenched disorder. In the studied compound, quenched 
disorders are generated by Mn(1)/Mn(2) defects or vacan-
cies as well as antisite mixing between Mn(1)/La and Mn(2)/
Sb [36]. The Mn(1)/Mn(2) vacancies disrupt the 3D frus-
trated spin network consisting of J1 − Jd1 − Jd2 , leading to 
exchange randomness among the three distinct interactions 
(see Fig. 1c). Since the exchange interactions have different 
signs, both ferromagnetic and antiferromagnetic correlations 
can develop as evinced by the high-frequency ESR data [34]. 

Fig. 4   a Temperature and field 
dependence of � �(T) measured 
at � = 100 Hz and an oscillat-
ing field 10 Oe. The green line 
denotes a T−0.53 dependence. 
b Scaling of � ′

T
0.53 versus 

�BH∕kBT  on a log-log scale. c 
Magnetization curves M(H) at 
selected temperatures ranging 
from T = 2 K to 20 K. d Double 
logarithmic scaled plot of 
MT

0.47 versus �BH∕kBT



156	 C. Lee et al.

Vol.:(0123456789)1 3

Our findings suggest that a random-singlet state can persist 
in spite of large spin number and 3D spin network.

4 � Conclusions

In conclusion, we have conducted thermodynamic and elec-
tron spin resonance measurements of La3Sb3Mn2O14 . Our 
ESR data reveal the simultaneous shift of the resonance field 
and the power-law increase of the ESR linewidth, indicative 
of the existence of an inhomogeneous magnetic state as a 
consequence of quenched disorder. Furthermore, we find 
scaling collapses of the magnetic-field- and temperature-
dependent � �(H, T) and M(H, T), being consistent with a 
random-singlet scenario. The exponent � = 0.53 extracted 
from the power-law behaviors signifies the abundance of 
low-energy power-law density of states. The putative ran-
dom singlet suggests that the confluence of strong disorder 
and frustration can stabilize a random-singlet state even in 
classical and high-dimensional spin systems.
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